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a  b  s  t  r  a  c  t
Silver  was  deposited  on  manganese-doped  titanates  (Mn–TiO2) by photoinduced  deposition  method.  The
catalyst  shows  enhanced  photocatalytic  activity  due  to  the synergistic  effect  of bicrystalline  framework
of  anatase  and rutile  structures  with  high  intimate  contact  due  to  the similarity  in their  crystallite  sizes.
The deposited  metal  nanostructures  help  in  the  formation  of  resonant  surface  plasmons  in  response  to
a  photon  ﬂux,  localizing  the electromagnetic  energy  close  to  their  surfaces.  Better  charge  separation  is
achieved  near  the  semiconductor  surface  due  to  the  localized  ﬁeld.  Silver  deposition  was  varied  from  0.1
to 1.5%  on  the  surface  of  Mn–TiO2. The  mechanism  of interfacial  electron  transfer  at  heterojunctions  in
mixed  phase  induced  by  the  plasmonic  catalysis  is explained.  The  extent  of  band  bending,  the  variation
of  potential  ﬁeld  in  the space charge  region  with  respect  to  the  size  of  the  deposited  Ag metal  particleslectron acceptors
icrystalline framework
is  discussed.  The  photocatalytic  activity  of  silver  deposited  Mn–TiO2 was  evaluated  by taking  resorcinol
(Rs)  as  the model  compound  along  with  oxidants  such  as  hydrogen  peroxide  (H2O2)  and  ammonium  per
sulfate  (APS)  under  UV/solar  light illumination.  The  electronic  level of the dopant,  high intimate  contact
between  the anatase  and rutile  phases  along  with  efﬁcient  electron  trapping  by  silver  particles,  plays  a
signiﬁcant  role in the photocatalytic  process.
© 2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Heterogeneous photocatalysis is a photon activation process
ntended for the efﬁcient utilization of photon energy; efforts are
ade to use the solar energy efﬁciently. In this regard the mate-
ials being developed are required to possess good efﬁciency in
hoton absorption, which in turn leads to the generation of the
lectron–hole pairs [1]. If the lifetime of the photogenerated charge
arriers is increased, they can be efﬁciently utilized in oxidation
nd reduction processes. Among the semiconductors employed,
iO2 is most widely used because of its suitable ﬂat band poten-
ial, chemical state, non-toxicity, strong oxidation capacity and
lso its high photocatalytic activity. However the use of TiO2 is
mpaired by its wide band gap (∼3.2 eV), which requires UV light
or photoactivation, and its major limitation is higher recombina-Please cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
ion rate of the photogenerated charge carriers resulting in lower
uantum yield [2–8]. In this regard our research group had pre-
iously reported the incorporation of the paramagnetic Mn2+ ions
∗ Corresponding author. Tel.: +91 080 22961336/9845222867.
E-mail address: gomatidevi naik@yahoo.co.in (L.G. Devi).
ttp://dx.doi.org/10.1016/j.molcata.2014.03.019
381-1169/© 2014 Elsevier B.V. All rights reserved.in anatase lattice at Ti4+ substitution site [9]. At lower Mn  dopant
concentration (≤0.02%), the catalyst exhibits only anatase phase.
With an increase in the dopant concentration from 0.02% to 0.06%,
rutile phase starts appearing in the catalyst and the phase content
of anatase to rutile is found to be in the ratio of 90:10. But at still
higher dopant concentration the phase content ratio changes to 52:
48. The photocatalyst with 0.06% Mn  showing bicrystalline frame-
work of anatase and rutile had shown higher efﬁciency compared to
all the other catalysts which had either only anatase phase or mixed
phase in different ratios. The synergistic effect between the two
pairs of polymorphs is maximum for 0.06% manganese dopant con-
centration, and hence the optimum concentration of manganese
was found to be 0.06% for efﬁcient photocatalytic activity and this
catalyst Ti(1–0.06)Mn0.06O2 was  chosen for the Ag metal deposition
in the present study and is abbreviated as Mn–TiO2. Incorporation
of Mn2+ ions into the TiO2 lattice had immense inﬂuence on elec-
tronic, optical and catalytic properties. Further doping of Mn2+ ion
in TiO2 lattice resulted in partial phase transformation from anatase: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
to rutile and the phase transformation temperature was  reduced
by 100 ◦C [9]. The enhanced activity of this catalyst was attributed
to the synergetic effect of bicrystalline framework of anatase and
rutile, small crystallite size and high intimate contact between the
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rystallites of both the phases. In the present research work an
ttempt has been made to increase the life time of the photogen-
rated charge carriers by the deposition of nano Ag metal particles
n the surface of Mn–TiO2, and these metal depositions act as efﬁ-
ient electron acceptors and thereby hinder the recombination of
hotogenerated charge carriers. Silver is preferred since it is rela-
ively affordable compared to the other noble metals. Ag possesses
actericidal property and it also possesses preferential oxygen
dsorption quality [10–15]. The thickness of the depletion layer
nd space charge region is inﬂuenced by the size of the deposited
etal nanoparticles and hence the present research attempts an
laborate study on the mechanism of an interfacial electron trans-
er at the heterojunctions. This research study aimed to understand
he various governing factors in this regard which inﬂuence the
hotocatalytic efﬁciency of surface metal deposited mixed phase
itania [16]. Silver was deposited on the surface of Mn–TiO2 by
hoto induced deposition method and the percentage of silver was
aried from 0.10 to 1.5%. The variation in the thickness of the space
harge region, depletion layer, accumulation layer and the extent
f band bending is elaborately discussed with the variation of silver
ontent on the surface of the catalyst. The photocatalytic activities
f all the catalysts were evaluated by using resorcinol (Rs) as model
ompound in the presence of UV and solar light illumination. Fur-
her the efﬁciency of photodegradation reaction was evaluated in
he presence of electron acceptors such as hydrogen peroxide (HP)
nd ammonium persulfate (APS). All the samples were character-
zed using powder X-ray diffraction (PXRD), UV–visible (UV–vis)
bsorbance spectroscopy, Fourier transform infrared (FTIR) spec-
roscopy, photoluminescence (PL), scanning electron microscope
SEM) and transmission electron microscopic (TEM) techniques.
. Experimental
.1. Materials
Titanium (IV) chloride (TiCl4 ≥ 99.9%) was obtained from Merck
hemicals Limited. Resorcinol, sodium hydroxide (NaOH), sul-
huric acid (H2SO4), ammonium persulphate (APS), hydrogen
eroxides (HP) (30%, w/v) and AgNO3 were from Sisco-Chemical
ndustries, Bombay. All the reagents used were of analytical grade.
ouble distilled water was used throughout the experiment.
.2. Catalyst preparation
Anatase TiO2 was prepared by sol–gel method (SG-TiO2)
hrough the hydrolysis of TiCl4 as reported earlier [17]. Ag depo-
ition on the surface of the photocatalyst was carried out by
hotoreduction of AgNO3 in the presence of oxalic acid in an aque-
us suspension as prepared by Szabo-Bardos et al. [15,18]. Silver
oading was varied from 0.10 to 1.50% on the surface of the photo-
atalyst by varying the concentration of silver nitrate. An aqueous
olution of AgNO3 (1.24 × 10−4) and oxalic acid (5 × 10−3 M)  along
ith Mn–TiO2 (1 g) was suspended in 1 L of distilled water and
as stirred vigorously under UV irradiation for 40–50 min  to get
.1% of silver deposit. Silver deposited samples were designated as
nTiO2/Ag(X), where X is the Ag percentage and is equal to 0.1, 0.5,
.0 and 1.5%. The pH of the suspension was adjusted to 6.8–7.0 by
he addition of 0.1 N NaOH solution. After the irradiation the solu-
ion containing Mn–TiO2/Ag(X) was then allowed to stand for 6 h.
epending on the percentage of deposited silver the color of thePlease cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
hotocatalyst changed from pale rose to dark brown indicating the
eduction of Ag+ to Ag0 and conﬁrming the deposition of Ag0 on
he surface of TiO2. The solid was ﬁltered, washed, dried and then
eated at 120 ◦C for 2 h. The absence of silver in the aliquot sample PRESS
talysis A: Chemical xxx (2014) xxx–xxx
of reaction mixture conﬁrms the complete deposition of Ag metal
on the semiconductor particle surface.
2.3. Characterization of the catalyst
The PXRD patterns of samples were studied using Philips
PW/1050/70/76. X-ray diffractometer was  operated at 30 kV and
20 mA.  Cu K is used as a source with nickel ﬁlter at a scan rate
of 2◦/min. FTIR spectra (NICOLLET IMPACT 400D FTIR spectrome-
ter) of all the samples were studied in the range of 400–4500 cm−1
using potassium bromide as reference. The diffuse reﬂectance spec-
tra (DRS) of all the photocatalyst samples in the wavelength range
of 300–500 nm were obtained using a UV Vis (31031 PC) near-IR
spectrophotometer with BaSO4 as reference standard. Photolu-
minescence (PL) spectra of the generated 2-hydroxyterephthalic
acid were measured on a Hitachi F-7000 ﬂuorescence spectropho-
tometer. The band gap values (Eg) of all the photocatalysts were
calculated by using Kubelka–Munk plot. Surface morphology was
analyzed by SEM analysis using JSM840 microscope operating at
25 kV on specimen upon which a thin layer of gold had been
evaporated. An electron microprobe is used in the EDX mode. Trans-
mission electron microscope (TEM) images were recorded using
Philips CM200 operated at 20–200 kV. The residual concentration
of the Rs during the degradation process was measured by using
UV–vis spectrophotometer (Shimadzu UV-1700 Pharmaspec) in
the region of maximum absorption (190–600 nm).
2.4. Photochemical reactor
Experiments were carried out at room temperature using a
circular glass reactor whose exposure surface area was found to
be 176.6 cm2. A 125 W medium pressure mercury vapor lamp
was used as the UV light source. Photon ﬂux was found to be
7.84 mW/cm2 by ferrioxalate actinometry. The wavelengths of the
light peaks were around 370 nm.  The reaction mixture was  stirred
continuously and exposed to UV irradiation directly by focusing
the light at a distance of 29 cm.  All the experiments were per-
formed using double distilled water. Solar light experiments were
performed under sunlight between 11 am and 2 pm when the solar
intensity ﬂuctuations were minimum. The experiments were con-
ducted in the months of April–May at Bangalore, India. The latitude
and longitude of the place are 12.58 N and 77.38 E respectively. The
average solar light intensity was found to be 0.767 kW m−2 (using
solar radiometer). The reaction mixture was exposed to the sunlight
by focusing through convex lens. The solar radiation as a function
of wavelength was measured by photometer, which shows a max-
imum at 450 nm.  Photocatalytic activities of all the photocatalysts
were evaluated simultaneously, in order to minimize the errors
due to ﬂuctuations in solar intensity. A typical experiment con-
tains 100 mg  of the photocatalyst in 250 mL  of 10 ppm Rs solution
(along with 20 ppm of APS or 10 ppm of hydrogen peroxide when
required). The reaction mixture was  stirred constantly throughout
the experiment. The samples were centrifuged and ﬁltered through
0.45 m Millipore ﬁlter to remove the catalyst particles, and the
centrifugate containing residual Rs was  analyzed by UV–vis spec-
trophotometric technique in the wavelength range of 190–600 nm.
3. Results and discussions
3.1. Powder X-ray diffraction (PXRD) studies
S1 shows the PXRD patterns of SG-TiO2, Mn–TiO2/Ag (0.1%),: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
Mn–TiO2/Ag (0.5%), Mn–TiO2/Ag (1.0%), and Mn–TiO2/Ag (1.5%)
photocatalysts. Detailed characterization data corresponding to
Mn–TiO2 have been reported elsewhere [9]. All the photocatalysts
show PXRD peaks corresponding to anatase phase at 2 values of
ARTICLE ING ModelMOLCAA-9053; No. of Pages 10
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Table  1
Summary of data obtained by X-ray diffraction, UV–vis absorption and reﬂectance
techniques. D: crystallite size in nm, A˚: lattice parameters, (A˚)3: unit cell volume,
max: absorption maxima in nm,  and Eg: band gap energies in eV.
Photo catalysts D (nm) (A˚) (A˚)3 max (nm) Eg (eV)
SG-TiO2 31.94 3.7908 136.74 381.47 3.25
Mn–TiO2/Ag (0.10%) 26.62 3.7936 136.14 455.62 2.72
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oMn–TiO2/Ag (0.50%) 21.79 3.7936 135.66 455.07 2.72
Mn–TiO2/Ag (1.0%) 23.65 3.8058 139.26 454.87 2.72
Mn–TiO2/Ag (1.5%) 25.23 3.8000 137.28 455.67 2.72
5◦ (1 0 1), 38◦ (1 1 2), 48◦ (2 0 0), 54◦ (1 0 5), 55◦ (2 1 1), 62◦ (2 0 4)
nd 68◦ (1 1 6) (the number in the parentheses indicates the h k l
alues). All the manganese-doped samples showed very low inten-
ity peak at 2 value corresponding to 27.42◦, which is due to the
1 1 0) plane of rutile. The absence of peak at 2 value of 34.22◦
0 0 3) (JCPDS 42-0874) and at 2 values of 44◦ and 64◦ (JCPDS File
o 04-0783) conﬁrms the absence of Ag2O and Ag in the prepared
amples respectively. This may  be due to the low percentage of sil-
er which is below the detection limit. The average crystallite size
D) was estimated based on the line broadening of (1 0 1) peak at
 = 25.3◦ using the Scherrer equation given as D = K/  ˇ cos , where
 is the wavelength of the Cu K source used,  ˇ is the full width at
alf maximum (FWHM) of the (1 0 1) diffraction angle, K is a shape
actor (0.90) and  is the angle of diffraction. The data pertaining to
XRD are given in Table 1.
.2. UV–vis absorbance and DRS studies
TiO2 shows maximum absorption peak at 380 nm and the
bsorption band in the UV region is due to the electronic transi-
ion from O 2p valence band (VB) to Ti 3d conduction band (CB).
V–vis absorbance and reﬂectance spectra of SG-TiO2, Mn–TiO2/Ag
0.1%), Mn–TiO2/Ag (0.5%), Mn–TiO2/Ag (1.0%), and Mn–TiO2/Ag
1.5%) photocatalysts are shown in S2a and S2b respectively. All the
n–TiO2/Ag (X) samples show slight shift in the absorption peak to
he higher wavelength region and it shows continuous absorption
ailing in the visible region, which can be attributed to the plasmon
ffect by silver particles and manganese doping. The band gap ener-
ies were calculated from DRS data by using Kubelka–Munk plot of
1 − R∞)2/2R∞ versus wavelength, where R∞ is the ratio of relative
eﬂected intensity of the sample to that of nonabsorbing standard
aSO4 (Table 1) [15]. The optical band edge of the Mn–TiO2/Ag(X)
hows a remarkable red shift toward the visible region compared
o that of SG-TiO2. The absorption maximum corresponding to the
ntrinsic and extrinsic band gap values of all the photocatalysts is
ummarized in Table 1. SG-TiO2 shows optical absorption thresh-
ld at ∼380 nm which corresponds to the band gap of 3.25 eV (inset
f S2). Mn–TiO2/Ag (0.1%) shows maximum absorption peak at
55.62 nm corresponding to the indirect band gap of 2.72 eV, and
he intensity of this absorption peak is high compared to that of all
he other photocatalysts. The max and Eg values of all the samples
re shown in Table 1.
.3. FTIR analysis
FTIR spectra of SG-TiO2, Mn–TiO2/Ag (0.1%), Mn–TiO2/Ag (0.5%),
n–TiO2/Ag (1.0%) and Mn–TiO2/Ag (1.5%) photocatalysts in the
ange of 400–4000 cm−1 were analyzed and are shown in S3. The
pectra show relatively strong band at ∼1630 cm−1 attributed to
he OH bending vibration of chemisorbed or physisorbed H2O
olecule on the photocatalyst surface of all the samples [19].Please cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
he intensity of this peak is higher for Mn–TiO2/Ag (0.1%) com-
ared to SG-TiO2. Further this peak intensity decreases slightly with
ncrease in the concentration of the metallic silver on the surface
f TiO2. The peaks at ∼3400, 2930 and 2850 cm−1 were attributed PRESS
talysis A: Chemical xxx (2014) xxx–xxx 3
to the Ti OH bond in the case of SG-TiO2 [20]. The FTIR spectrum
of TiO2 exhibits strong absorption band at ∼466 cm−1, which may
be due to the vibrations of Ti O Ti, Ti O O and Ti O bonds in the
TiO2 lattice. The Ti O Ti bands are expected in the frequency range
of 500–900 cm−1 [21,22]. The peak at ∼2360 cm−1 is observed only
for SG-TiO2 and Mn–TiO2/Ag (1.5%) and is due to the adsorbed H2O
molecules. The hydroxyl groups present on the surface of SG-TiO2
and Mn–TiO2/Ag (1.5%) show a broad band due to the deformation
vibrations ∼3450–3550 cm−1 and the intensity of these bands are
low for the other manganese-doped titanates.
3.4. PL analysis
The processes of the charge carrier trapping, transfer and
migration of photogenerated electron–hole pairs in semiconduc-
tor particles are investigated using PL emission spectra. The peak
in the spectrum arises due to the recombination of the free charge
carriers [15,23–27]. Many binding states exist between CB and VB
which are created due to the presence of defects such as oxy-
gen vacancies, surface states and other impurities like dopant
[28]. Some of the photogenerated electrons can be trapped by
these surface defects and oxygen vacancies leading to the forma-
tion of excitons within these states which is thermodynamically
more favorable compared to the conduction band trapping [29].
When the excitons return to VB, photons are released produc-
ing PL signals. S4 shows the PL spectra of SG-TiO2, Mn–TiO2/Ag
(0.1%), Mn–TiO2/Ag (0.5%), Mn–TiO2/Ag (1.0%), and Mn–TiO2/Ag
(1.5%) photocatalysts. PL intensities of these samples decrease in
the following order: SG-TiO2, Mn–TiO2/Ag (1.5%) > Mn–TiO2/Ag
(1.0%) > Mn–TiO2/Ag (0.5%) > Mn–TiO2/Ag (0.1%). The peak around
430 nm originates from the bound excitation emission due to the
trapping of free excitons by TiO6 octahedra close to the defects.
Further the spectra show that doping of Mn has remarkable effect
on the emission peak intensity. This peak intensity is low for
Mn–TiO2/Ag (0.1%) and it is found to be high for SG-TiO2. With
increase in the silver content the peak intensity increases, implying
the higher rate of recombination of charge carriers. Alternatively
the peak at 430 nm may  also arise from radiative annihilation of
excitons and it is a band to band recombination, while the peak at
530 nm is attributed to electron transition mediated by defect levels
such as oxygen vacancies or surface states in the band gap [29,30].
The intensity of the peak in the PL spectra gives a measure of the
rate of recombination of electrons and holes in the semiconductor.
PL intensities of both the peaks are lower for Mn–TiO2/Ag (0.1%)
photocatalyst. This can be accounted for the lower rate of recom-
bination of electrons and holes. The optimum silver content on the
surface of manganese-doped titanate efﬁciently traps the photoin-
duced electrons and acts as a charge separator, thereby increasing
the life time of electron and holes. A Schottky barrier is formed
at the metal–semiconductor interface. The PL intensities of both
the above peaks are higher for SG-TiO2 and lower for Mn–TiO2/Ag
(0.1%) compared to that of all the other photocatalysts (S4a and
S4b).
3.5. SEM and EDX analysis
Surface morphologies of all the samples were analyzed by using
SEM analysis and are as shown in Fig. 1a–e.
SEM images show signiﬁcant difference in the morphologies
of SG-TiO2, Mn–TiO2/Ag (0.1%), Mn–TiO2/Ag (0.5%), Mn–TiO2/Ag
(1.0%) and Mn–TiO2/Ag (1.5%) photocatalysts. EDAX spectra of SG-
TiO2 and Mn–TiO2/Ag (0.1%) are shown in Fig. 1f and g. Atom: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
percentages of oxygen, titanium, manganese and silver were found
to be 51.21, 48.61, 0.08 and 0.10% respectively for Mn–TiO2/Ag
(0.1%) sample. Similar atom percentages of oxygen and titanium
in SG-TiO2 were found to be around 50.39 and 49.61% respectively.
ARTICLE IN PRESSG ModelMOLCAA-9053; No. of Pages 10
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iig. 1. SEM images of (a) SG-TiO2, (b) Mn–TiO2/Ag (0.1%), (c) Mn–TiO2/Ag (0.5%), (d
0.1%).
DAX analysis conﬁrmed the presence of deposited silver particles
n the surface of Mn–TiO2 (Fig. 1g).
.6. XPS analysis
XPS is used to investigate the elemental state and chemical com-
osition of the surfaces of all the photocatalysts. XPS of Mn–TiO2/AgPlease cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
0.1%) sample is given in Fig. 2.
The deposition of silver on the surface of TiO2 was conﬁrmed by
he presence of Ag 3d peaks. The binding energy peaks correspond-
ng to Ag 3d appear at 367.7 and 373.7 eV. The peak separationTiO2/Ag (1.0%) and (e) Mn–TiO2/Ag (1.5%). EDAX of (f) SG-TiO2 and (g) Mn–TiO2/Ag
in this case was found to be 6.0 eV which corresponds to the
Ag0 metallic state (Fig. 2d). The data obtained exhibit a negative
shift compared to that expected for bulk Ag at 368.3 eV for 3d5/2
and 374.3 eV for 3d3/2 values. The observed change is due to the
increase in the outer electron cloud density of deposited Ag par-
ticles [31–33]. The shift in the binding energies is probably due
to the transfer of some of the conduction band electrons from the: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
bulk of Mn–TiO2 to the surface Ag particles. The concentration of
Ag from XPS studies was found to be 0.12 atom percent. To fur-
ther conﬁrm the interactions between the silver nanoparticles and
TiO2, the chemical states of Ti were examined by this technique.
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 1s, (c
T
4
t
t
F
mFig. 2. Wide scan XPS spectra of Mn–TiO2/Ag (0.10%), (a) Ti 2p, (b) O
he binding energy peak positions of Ti 2p1/2 are found at 457.5,
55.3 and 456.3 eV and Ti 2p3/2 is observed at 462.2 eV. Curve ﬁt-Please cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
ing the data shows a peak at 457.5 eV due to Ti4+, 456.3 eV due
o Ti3+ and 455.3 eV attributed to Ti2+ in Ti 2p data as shown in
ig. 2a [34]. The increase in the effective negative charge on ele-
ent leads to the decrease in the binding energy of Ti 2p electrons,) Mn 2p and (d) Ag 3d core level XPS spectra of Mn–TiO2/Ag (0.10%).
indicating an increase in the average electron density on the tita-
nium, and it is a direct measure of the lowering of valence state: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
of Ti4+. The partial reduction of Ti4+ → Ti3+ and Ti3+ → Ti2+ leads
to the decrease in the binding energy of Ti 2p values [35–37]. The
shoulder peaks around 456.2–456.7 eV is attributed to Ti3+ in the Ti
2p3/2 spectrum [34]. The XPS spectrum of O 1s region shows major
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eak around 529.1 eV corresponding to the Ti OH metal hydroxide
ond (Fig. 2b) [38]. The Mn  2p3/2 and Mn  2p1/2 show the binding
nergy peaks at 640.8 eV and 653.1 eV respectively. These peaks
ith energy separation around 12.3 eV can be assigned to the Mn2+
on [39]. The shift in binding energies around 0.2 eV indicates that
he electron density around Mn  has decreased in the TiO2 lattice,
hich may  be due to interaction of Mn2+ ions with the titanium
ons as shown in Fig. 2c.
.7. Transmission electron microscopic (TEM) analysis
The crystallite size and distribution of the particles in the TiO2
Fig. 3a and b) and MnTiO2/Ag (0.10%) (Fig. 3d and e) catalysts
ere investigated by the TEM analysis. The average particle size
f the anatase TiO2 nanocrystallites was found to be 34.26 nm,
hich is in agreement with the calculated XRD data. The aver-
ge perimeter, thickness, length and inner diameter of the TiO2
articles were found to be 26.78 nm,  3.54 nm,  9.86 nm,  52.15 nm
espectively.
The electron diffraction patterns of the TiO2 and Mn–TiO2/Ag
0.10%) particles are shown in Fig. 3c and f. The interplanar
istances of both the catalysts are in agreement with the cal-
ulated XRD data. Fig. 3d and e shows the TEM micrograph of
he Mn–TiO2/Ag (0.10%) catalyst. The average particle size distri-
utions in Mn–TiO2/Ag (0.10%) were found to be 48.25 nm.  The
verage perimeter, thickness, length and inner diameter of the
n–TiO2/Ag (0.10%) particles were found to be 42.14 nm,  4.15 nm,
3.10 nm,  and 56.86 nm respectively. The average sizes of sil-
er particles were found to be in the range of approximately
4–22 nm.
.8. Metal/semiconductor contact induced band bending due to
he variation of electric and potential ﬁelds in the space charge
egion as described by ﬁnite and inﬁnite interface models
If the work function of the metal (m) is higher than that of
he semiconductor (s), m > s, then the electrons will ﬂow from
he semiconductor to the metal. This transfer of the electrons
ill occur up to the point of equalization of Fermi levels of the
etal and semiconductor. At the metal/semiconductor interface
he metal is negatively charged and the semiconductor is positively
harged due to electrostatic induction. Since the concentration of
he free charge carriers is low in the semiconductor, the electric
eld between the metal and semiconductor interface cannot be
ffectively screened in the semiconductor. Hence the free charge
arriers on the surface of the semiconductor are depleted compared
ith the bulk and this region is known as the space charge region.
he band edge positions in the space charge region of semiconduc-
or are continuously shifted due to the variation in the electric ﬁeld
etween the semiconductor and metal arising due to the charge
ransfer. This makes the semiconductor band edges to bend and it
s referred to as band bending (VBB). When m > s the energy bands
end upwards at the interface, and when m < s the energy bands
end downwards. The work function difference between the metal
nd the semiconductor inﬂuences the degree of VBB at the interface
16,40–43].
BB = m − s (1)
he work function of the metallic silver m varies from 4.3 to
.7 and the work function of TiO2 semiconductor s is approxi-
ately 4.3. The VBB value is found to be 0.4 eV (for m = 4.7 eVPlease cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
nd s = 4.3 eV). The height of Schottky barrier (SB) formed at the
etal–semiconductor interface is given by
SB = (m − s) = 0.6 eV (2) PRESS
talysis A: Chemical xxx (2014) xxx–xxx
s is the electron afﬁnity of the semiconductor (4.1 eV) and the
value of SB will vary from 0.2 to 0.6 eV [44]. The free charge
carrier density is of the order ∼1017 and ∼1022 cm−3 for semi-
conductor and metal respectively. This difference in the charge
densities creates a space charge region whose thickness is in the
order of ∼100 A˚. Physical and chemical properties such as energy
band structure, local conductivity and free charge carrier den-
sity will have different values within the bulk region and the
space charge region [45]. The charge transferred per unit area
from the semiconductor to metal is given by Q and the equation
can be represented as Q =
√
2εrε0eNdVBB. Assuming the values of
donor density Nd = 1015 cm−3, relative dielectric constant εr of the
semiconductor and the vacuum permittivity ε0 values are 75 F/m
(between 1 and 100 K Hz) and 8.854 × 10−12 F/m respectively [46].
The value of Q was found to be 4.4833 × 10−26 C. Since VBB is a one-
dimensional quantity, which is the function of distance from the
surface into the bulk, the value of this quantity can be taken along
z direction alone. The depletion layer thickness (D) can be obtained
by the following equation:
D =
√
2εrε0VBB(0)
eNd
= 3.2697 × 10−10 F m−3.
The inﬁnite metal/semiconductor interface model can be applied
when lateral width of metal/semiconductor interface is higher than
the thickness of the space charge region (10 nm). However in a
catalytic system where semiconductor particles with small metal
deposits are used as a catalyst which are smaller than 10 nm,  ﬁnite
metal/semiconductor interface model is more relevant [16,47]. In
this regard Ioannindes and Verykios have proposed a model based
on Schottky approximation. According to them the electric ﬁeld E(r)
and potential VBB(r) in the space charge region can be calculated in
the following way:
E(r) = eNd
3εrε0r2
[
(D + rm)2 − r3
]
where rm 	 r 	 D + rm (3)
where r is the distance from the metal particle to the semiconductor
which is approximately around 26 nm and rm is the radius of the
metal particle (obtained from the computer analysis of the data
obtained from TEM). The variation in electric ﬁeld with respect to
the radius of the Ag metal is shown in Fig. 4a. As the size of Ag metal
deposit increases the magnitude of the electric ﬁeld decreases. The
extent of variation of the potential ﬁeld VBB (r) versus radius r and
VBB (rm) versus rm is given by Eqs. (4) and (5) respectively. Since
rm is a more accessible quantity for calculations, a plot of VBB (rm)
versus rm is shown in Fig. 4b.
The band bending potential exhibits a parabolic relationship
with rm
VBB(r) =
eNd
εrε0
[
(D + rm)2
2
− r
2
6
− (D + rm)
3r
3
]
where
rm 	 r 	 D + rm (4)
VBB(rm) =
eNd
εrε0
[
(D + rm)2
2
− r
2
m
6
− (D + rm)
3rm
3
]
(5)
Saturation adsorption coverage on semiconductor surface by the
donor or acceptor molecules will be inﬂuenced by band bend-
ing. The active defect site availability and adsorbate–adsorbent
interaction on the semiconductor surface inﬂuence the extent of: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
adsorption. The extent of band bending and the thickness of the
depletion layer are inﬂuenced by the adsorption of molecules on
the semiconductor surface. Assuming NdD = Ns (the charge on the
n-type dopant in depletion layer has been transferred to the
Please cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
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Fig. 3. TEM micrographs of (a) TiO2 particles, (b) TiO2 particles (high resolution), (c) electron diffraction pattern of TiO2 catalyst, (d) Mn–TiO2/Ag (0.10%) particles, (e)
Mn–TiO2/Ag (0.10%) particles (high resolution), and (f) electron diffraction pattern of Mn–TiO2/Ag (0.10%) catalyst.
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region versus the radius of Ag metal deposit and (c) variation of the number of adsorbed molecules on surface (Ns) versus the radius of Ag metal deposit.
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dsorbed molecule), then the equation can be modiﬁed and written
s:
BB =
eNdD
2
2εrε0
= eN
2
s
2Ndεrε0
(6)
rom Fig. 4c it can be inferred that when the radius of the deposited
g metal particle on the surface of semiconductor is around 8 nm,
he number of surface adsorbed molecules is high. The number of
dsorbed molecules on the surface decreases with the increase in
he size of the metal deposit.
.9. Photodegradation of Rs
The photocatalytic activities of SG-TiO2, Mn–TiO2, Mn–TiO2/Ag
0.1%), Mn–TiO2/Ag (0.5%), Mn–TiO2/Ag (1.0%), and Mn–TiO2/Ag
1.5%) were evaluated in the presence of UV/solar light illumina-
ion for the time duration of 1.5 h. Higher photocatalytic activity
s exhibited by Mn–TiO2/Ag (0.10%) under solar light illumina-
ion, which shows 97.5% degradation. SG-TiO2 (78.6%) and Mn–TiO2
64.18%) show better activity under UV light illumination (Table 2).
ith further increase in the silver content above 0.10%, more
umber of photoinduced electrons are trapped by the metallic
ilver deposits generating space charge region with higher nega-
ive charges, which increases the probability of the hole capture
y these negative charges and the recombination process domi-
ates, thereby decreasing the efﬁciency of the degradation process.
urther as the silver content increases on the surface of the photo-
atalyst, the surface area available for photon absorption decreases
hereby decreasing the rate of photogeneration of electron–hole
air. The photocatalytic activity decreases with increase in the
ilver content above the optimum level [48,49]. Addition of the
lectron acceptors such as HP and APS to the reaction mixture is
ne of the strategies employed to decrease the rate of electron–hole
ecombination process. The effect of these electron acceptors is
ore prominent under UV-illumination. These electron acceptors
re chemisorbed on the surface of the catalyst, facilitating the
nelastic transfer of the electrons from CB to the oxidants. These
lectron acceptors can also increase the extent of generation of
he free radicals and other oxidizing species. The redox potential
f sulfate radical generated from APS is around 2.6 eV, which is
ne of the strongest oxidizing species in aqueous solution com-
ared to hydroxyl radical (2.8 eV). The electron acceptors in the
eaction mixture can accelerate the process of the electron transfer
nd decrease the electron–hole recombination rate. The oxidation
otential of HP and S2O82− is found to be at 1.8 and 2.1 eV respec-
ively and they are more close to TiO2 VB. The Fermi energy and
he Mn2+ dopant level in TiO2 is around 0.3 and 0.53 eV below the
B respectively. The Fermi energy of metallic silver varies with
he size of the metal deposit and also with the number of elec-
rons transferred from TiO2 CB. Since the potentials of the added
xidants are more favorable for the capture of photogenerated elec-
ron, the efﬁciency of the degradation process increases under UV
ight illumination. The reaction mechanisms involving the produc-
ion of these free radicals are given elsewhere [15,50–53]. However,
PS did not facilitate the photodegradation process under solar
ight illumination. Mn–TiO2/Ag (0.10%) along with optimum con-
entrations of HP (10 ppm) shows maximum efﬁciency under solar
ight irradiation. The above mechanisms are more facilitated due
o the presence of dopant having stable half-ﬁlled electronic con-
gurations. The concentrations of photogenerated hydroxyl and
uperoxide radicals are optimum for 0.06% dopant concentration.
u et al. have reported a method to ﬁnd the concentration ofPlease cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
ydroxyl radicals on the catalyst surface by photoluminescence
tudies [27]. However presently the prominent role played by the
ydroxyl radicals is conﬁrmed by conducting the photodegradation
xperiment in the presence of methanol, which acts as hydroxyl PRESS
talysis A: Chemical xxx (2014) xxx–xxx
radical scavenger. The rate constant for the degradation reaction
decreases drastically in the presence of methanol, conﬁrming the
positive role played by the hydroxyl radicals.
3.10. Charge transfer mechanism in bicrystalline framework of
anatase and rutile along with plasmonic effect
The enhanced photocatalytic activity of Mn–TiO2/Ag (0.1%) can
be accounted in the following way: The heterojunctions formed
between mixed phase of anatase and rutile of the same semi-
conductor signiﬁcantly reduce the rate of recombination of the
photoinduced electrons and holes. The band edge positions of
bicrystalline TiO2 vary slightly for different phases and the interface
formed between the mixed phase acts as a good charge separator.
The ﬂat band potential of anatase and rutile was  found to be −0.9
and −0.7 V (versus normal hydrogen electrode at pH 7) respectively
[54]. The CB edge position of anatase is found to be slightly higher
compared to that of the rutile phase [55,56]. The work function of
the rutile is slightly lower than that of anatase, which causes the
energy bands of rutile to bend upwards and energy bands of anatase
to bend downwards [16,57]. The established electric ﬁelds near
the interface makes the electrons move downhill and holes move
uphill. The maximum interfacial contact between the two phases
is due to their similarity in their crystallite sizes, which enhances
the efﬁciency of the degradation process as described earlier [9].
The Mn2+ dopant has a stable half-ﬁlled electronic conﬁguration
and hence acts as a shallow electron/hole trap, which means it can
trap and detrap the charge carriers more easily to obtain its stable
half-ﬁlled electronic conﬁguration. If Mn2+ traps a hole, the hole is
transferred more easily to hydroxyl anion, producing hydroxyl radi-
cals to attain the stable half-ﬁlled electronic conﬁguration [9,58].
When the catalyst is excited under UV irradiation, the anatase phase
absorbs the photons and the photoinduced electrons are excited to
the CB. Some of the electrons are trapped by the silver deposits and
the remaining electrons are transferred to the CB of rutile phase,
which is around 0.2 eV below the CB of anatase phase and hence
results in better charge separation. In case of solar light illumina-
tion, the band gap of rutile is more suitable for absorption. Some of
the photoinduced electrons are trapped by the silver deposits and
the remaining electrons are transferred to the electronic trapping
sites or to the dopant impurity level (which is 0.5 eV below the
CB edge of anatase phase) or to the lattice trapping sites (which
is around 0.8 eV below the CB edge of anatase) of anatase phase
[9,59,60]. In presence of solar light illumination the plasmonic sil-
ver nanoparticles deposited on the TiO2 surface are efﬁcient at
scattering and absorbing solar light. Deposited Ag particles are
excited and the electrons on the metal surface undergo collective
oscillation known as the surface plasmon resonance effect (SPR).
Due to these oscillations, there is an enhancement of the elec-
tric near-ﬁeld on the silver particle surface and all around silver
nanoparticles. As a result the electrons are transferred from the
VB to the CB of Mn–TiO2/Ag (0.1%) under solar light irradiation.
The electric near-ﬁeld of the deposited silver particles increases
the life span of the electron–hole pair and reduces the recombi-
nation process [61–63]. The metallic Ag deposit on both anatase
and rutile phases plays a crucial role in enhancing the separation of
photogenerated charge carriers and increases the efﬁciency of the
photocatalyst. The charge transfer process at the interface of Ag and
TiO2 contact creates Schottky barrier owing to the differences in the
work function of Ag and TiO2. This barrier mainly traps the electrons
thereby reducing the rate of recombination of electrons and holes
[32,64]. This mainly increases the concentration of holes in the VB: Chem. (2014), http://dx.doi.org/10.1016/j.molcata.2014.03.019
of both anatase and rutile. These holes from VB can react with the
water or the hydroxyl ions forming hydroxyl radicals. The band
bending may  inﬂuence the photochemistry of a semiconductor in
three different ways: (i) the band bending can inﬂuence thermal
ARTICLE IN PRESSG ModelMOLCAA-9053; No. of Pages 10
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Table  2
The percentage of degradation of Rs under UV/solar light illumination under the experimental condition [photocatalysts] = 100 mg/250 mL,  [Rs] = 10 ppm, [APS] = 20 ppm or
[HP]  = 10 ppm.
Photocatalyst UV light
% degradation
Solar light
%  degradation
Without oxidizing agents With H2O2 With APS Without oxidizing agents With H2O2 With APS
SG-TiO2 78.6 97.8 97.2 21.3 31.2 29.1
Mn–TiO2 64.18 98.0 65.0 93.6 92.9 57.4
Mn–TiO2/Ag (0.1%) 59.5 99.7 54.96 97.5 98.8 74.3
Mn–TiO2/Ag (0.5%) 54.7 59.6 52.
Mn–TiO2/Ag (1.0%) 49.3 33.8 33.
Mn–TiO2/Ag (1.5%) 22.8 18.9 14.
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•ig. 5. Variation of rate constant versus percentage of Ag deposition (rate constant
alues were calculated from the ln(C/C0) versus irradiation time plots).
dsorption and desorption of Rs, (ii) the extent of band bending
an also inﬂuence photoreaction process by modulating photoex-
ited charge carrier transfer and recombination process and (iii) the
odel proposed by Weisz suggests that the adsorption coverage of
onor and acceptor molecules on the semiconductor surface will
lso be inﬂuenced by the band bending [65]. In addition adsorp-
ion is also inﬂuenced by the number and nature of defect sites and
dsorbate–adsorbent interactions on a semiconductor surface.
.11. Comparison of photocatalytic activity of silver deposited
atalyst
The optimum Ag deposition is found to be 0.10% and with further
ncrease in the silver content, the efﬁciency of the photoreaction
ecreases (Fig. 5). This could be attributed to the following rea-
ons: the magnitude of electric ﬁeld decreases with increase in the
ercentage deposition of Ag metal.
Band bending potential increases with Ag metal clusters and the
umber of adsorbed molecules on the surface of TiO2 decreases
ith increase in the percentage of deposited Ag metal particles.
. Conclusion
The observed higher photocatalytic activity of Mn–TiO2/Ag
0.10%) photocatalyst can be accounted in the following way:
The potential difference in the energy levels of CB and VB in
bicrystalline framework of anatase and rutile mixed phase cat-Please cite this article in press as: B. Nagaraj, L.G. Devi, J. Mol. Catal. A
alyst leads to the formation of the interface at the heterojunction
which acts as a good charge separator.
The work function of anatase and rutile phases in the mixed
phase titania is different and hence energy bands of anatase bend1 9.5 15.3 12.0
5 16.8 14.7 14.5
76 6.6 11.1 9.5
downwards, whereas the energy bands of rutile bend upwards.
This band bending leads to the migration of the electrons and
holes at the heterojunctions in mixed phase photocatalyst, which
decreases the recombination rate of electron–hole pairs.
• The ratio of the phase content (anatase to rutile) in the bicrys-
talline framework as well as the maximum interfacial contact
due to their similarity in crystal sizes plays a major signiﬁcant
role in enhancing the efﬁciency.
• Dimensional size of deposited Ag particles plays a signiﬁcant role
in enhancing the photocatalytic activity. Depending on the size
of the silver deposit, the energy level of silver varies from −4.64
to −1.30 eV (with respect to vacuum energy level).
• Energy levels of the optimized Ag particles are lower than the
CB edge of TiO2 and they are in close proximity with the elec-
tron afﬁnity of the dissolved oxygen. Hence the electrons can be
trapped by the silver particles and in turn can be transferred to
the oxygen molecule.
• Beyond the optimum Ag concentration (>0.10%), the space charge
region within the semiconductor becomes more negative and
facilitates the recombination process.
• The surface plasmon resonance frequency of the metal particles
can be tuned to the visible light absorption by changing the size
of the deposited metal particles on the mixed phase titania.
• The presence of binding states such as defects, oxygen vacan-
cies and surface states with different energies in the mixed phase
catalyst plays a vital role in enhancing the efﬁciency of the pho-
tocatalyst.
• The insertion of Mn2+ dopant with the stable half-ﬁlled electronic
conﬁguration traps and detraps the electrons and holes more
readily, leading to the formation of the superoxide and hydroxyl
radicals respectively.
• The heterojunctions of Ag/rutile/anatase/Ag at optimum Ag con-
centration enhance the photocatalytic activity.
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